Levels of three adrenal catecholamine synthesizing enzymes and isolation-induced fighting behavior were studied in two related sublines of the Balb/c inbred mouse strain. Enzyme levels were twice as high in the adrenals of Balb/cJ mice as in those of the Balb/cN mice; heterozygous progeny were intermediate between their parents in the levels of the three enzymes.
Inbred mouse strains offer the best model system for the study of mammalian genetics. Using several of the available strains, we have shown that there are genetic differences in catecholamine biosynthetic enzyme activity among inbred mouse strains (1) . The activities of tyrosine hydroxylase (EC 1.14.-16.2), which catalyzes the initial step in norepinephrine biosynthesis (2) and phenylethanolamine N-methyltransferase (EC 2.1.1.28), the enzyme that forms epinephrine from norepinephrine (3) have been reported to vary widely in the adrenals and brains of several inbred mouse strains (1) . Analysis of the hybrid progeny of these strains suggested that the observed differences in enzyme activity have a genetic basis (4) .
Recent studies have been concerned with the genetic con--trol of tyrosine hydroxylase, dopamine ,3-hydroxylase (EC 1.14.17.1), and phenylethanolamine N-methyltransferase (PNMT) in a particular inbred mouse strain (5-7). The inbred mice studied have been sublines of the Balb/c strain bred at the Jackson Laboratories (Balb/cJ) or at the National Institutes of Health (Balb/cN). These sublines were derived from a common ancestral colony over 25 years ago, but have been bred independently since then (5) . These sublines are of particular interest since one of them appears to have undergone mutation. As a consequence, the levels of adrenal gland tyrosine hydroxylase, dopamine ,B-hydroxylase, and PNMT are twice as high in the Balb/cJ line as in the Balb/cN. F1 hybrids are intermediate between high and low parents in the levels of each of these enzymes. Analysis of segregating (F2 and bidirectional backcross) generations showed that regulation of the level of each enzyme was controlled by a single gene locus. The level of all three enzymes was highly correlated in all the generations studied, suggestAbbreviation: PNMT, phenylethanolamine N-methyltransferase.
ing either linkage of three mutated structural genes or the presence of a single mutated regulatory gene that controlled the phenotypic expression of the three enzymes (6, 7) . In the case of PNMT, the difference in enzyme levels between these sublines was found to be a consequence of an altered rate of enzyme degradation (5) . We have speculated that this may be true for tyrosine hydroxylase and dopamine ,B-hydroxylase as well, and that the steady-state levels of the three catecholamine biosynthetic enzymes may be under common genetic control (6, 7) .
During the course of the genetic experiments it became apparent that there were systematic behavioral differences between these sublines. The Balb/cJ mice frequently fought with and killed each other, and later it was learned that they will attack any mouse that is not a littermate. The Balb/cN mice, on the other hand, are a docile subline, and few instances of spontaneous fighting were seen.
These observations suggested that the biochemical genetics studies of the catecholamine enzymes might be related to the behavioral differences, since catecholamines have been linked with aggressive behavior (8, 9) . Accordingly experiments were designed to learn whether the observed differences in fighting behavior were genetically determined, and if the behavioral differences were related to the biochemical differences. Evidence is presented showing that the differences in fighting behavior between these mouse sublines is genetically determined, that the behavioral trait appears to be determined monogenically, and that fighting behavior is inherited as a recessive trait. METHODS 
AIND MATERIALS
Animals. All studies were performed in male mice, age [11] [12] [13] [14] weeks. Balb/cJ mice were obtained from the Jackson Laboratories, Bar Harbor, Me. To minimize the effects of stress on enzyme levels (10-12), they were housed by litter in plastic cages (20 X 30 X 13 cm) with free access to food and water. Balb/cN mice were obtained from the Laboratory Aids Branch, NIH, and were housed randomly. Breeding of F1 and F2 mice was carried out by placing a male mouse of a given genotype with four females of another genotype. Progeny were weaned at 28-30 days, segregated by sex, and housed with littermates.
Fighting Experiments. Animals between 9 and 12 weeks of age were isolated in plastic cages for 2 weeks under normal animal room conditions. After the isolation period, an intruder mouse was introduced into the cage and the time before Activity of each enzyme is expressed as nanomoles of product formed per hour per adrenal pair. Enzymes were measured as described in an earlier report (5) . The Fis are a pooled population of reciprocal Fis; from the mating Balb/cJ X Balb/cN, F1 (N) were obtained. Similarly, F1 (J) were produced from the mating Balb/cN X Balb/cJ. The reciprocal Fis did not differ significantly in the activity of any enzyme. Six of each F1 subgroup were pooled for analysis. In each case, differences between high and low parents, and between F1 and either parent are significant at the 0.01 level or higher, as determined by Student's t-test (15) .
an attack was initiated by the isolated mouse was measured. Slightly smaller Balb/cN mice were determined to be appropriate intruders, since age-or weight-matched intruders of other strains attacked the Balb/cN isolates.
The test was begun by placing the cage containing the isolated mouse on the laboratory bench for 5 min. The isolate's tail was pinched, and the intruder was presented, then released into the isolate's cage. Animals were observed for a period of 5 min and the time to attack (latency) was recorded. An attack was defined as a series of bites by the attacker which elicited vocalization from the intruder. Attacks were scored as occurring during the first 2.5 min or second 2.5 min of the observation period, or not at all.
Enzyme Assays. Pairs of adrenal glands were homogenized in 1 ml of ice-cold 5 mM Tris-HC-O.2% Triton X-100-0.2% bovine-serum albumin buffer, pH 7.2. Homogenates were centrifuged at 37,000 X g for 30 min. From the supernatant, 50 ,A was taken for the assay of tyrosine hydroxylase (13), 200 ,ul was taken for the assay of dopamine j3-hydroxylase (14) and 50 IA for the assay of PNMT (3) .
RESULTS
The levels of tyrosine hydroxylase, dopamine ,B-hydroxylase and phenylethanolamine N-methyltransferase were nearly 2-fold greater in adrenals of the Balb/cJ subline ( Table 1 ).
The activity of the enzymes in adrenals of F1 male mice was intermediate between and significantly different from parental values. A highly significant (0.01 > P > 0.0001) association of enzyme phenotypes was observed in all breeding groups studied. An animal that was high in one enzyme tended to be high in the other two; the same was true for intermediate and low phenotypes (6, 7) .
Biochemical differences between these sublines appeared to be confined to the levels of the adrenal catecholamine synthesizing enzymes. Tyrosine hydroxylase and dopamine /3-hydroxylase levels measured in whole brains were slightly but not significantly higher in the Balb/cJ mice. The levels of monoamine oxidase, a mitochondrial enzyme important in catecholamine metabolism, were not different between these sublines in any tissue investigated (brain, heart, adrenal, liver). Other measurements performed and found to be identical between the Balb/cJ and Balb/cN sublines were: body weight (age-matched), adrenal weight, adrenal protein content, liver The difference in attack latency between parental groups could not be attributed to motor activity. When the two sublines were examined they showed comparable gross motor activity measured for 24-hr periods in an Animex motor activity meter.
These findings suggested that the differences in fighting behavior between strains might have a genetic basis. To further establish this, matings between F1 mice producing F2 segregants were established and the progeny analyzed. The results of this analysis were compatible with the hypothesis that a single gene controlled the observed behavior, and that fighting was recessive to nonfighting. This was based on the following evidence: (1) the segregating F2 showed recovery of both fighters and nonfighters (2) the observed proportions fit closely those predicted for a single dominant locus (Table 3) .
In an attempt to determine the influence of rearing on adult fighting behavior, the following cross-fostering experiment was performed. Two cages containing pregnant Balb/cN or Balb/cJ females, which delivered on the same day, were chosen. One day after delivery the newborn pups were removed from their cages and presented to the mother of the other subline. Thus, the B3alb/cJ mother reared Balb/cN pups in an environment of other Balb/cJ females, a Balb/cJ male, and older preweaning Balb/cJ pups. Balb/cJ pups were presented to a Balb/cN mother and reared in a similar situation containing Balb/cN mice. The mothers accepted their new pups well and all survived to weaning at 28 days of age. They were then weaned and housed by sex. At 9 weeks of age they were matched for weight, isolated for two weeks and then tested for fighting behavior. Despite being reared in a Balb/cJ environment, the Balb/cN remained docile (Table  4) . Rearing in a Balb/cN environment did not diminish the tendency of the Balb/cJ mice to fight an intruder. These find- ings lent support to the proposition that the differences in fighting behavior between Balb/cJ and Balb/cN mice were genetically determined. DISCUSSION The findings reported here suggest that there are genetically determined differences between the Balb/cJ and Balb/cN mice that affect both their fighting behavior and their levels of tyrosine hydroxylase, dopamine ,3-hydroxylase, and PNMT. It is possible that the changes in behavior and level of catecholamine synthesizing enzymes are coincidental and bear no relation to each other. However, in view of the association between aggressive behavior and catecholamines (8, 9) , it is possible that the effects observed in these studies have a common basis. At this point we cannot determine in which subline(s) mutation occurred. Nor can we establish whether the behavioral differences are a consequence or a cause of the altered enzyme levels.
Analysis of the F2 and backcross progeny revealed that each of the three enzymes in the catecholamine biosynthetic pathway is under the control of a single gene (6, 7) . Furthermore, there was a very high degree of association between enzyme phenotypes, which suggested a monogenic control of expression of the three enzymes. This would suggest either linkage of three mutated structural genes or the existence of a single mutated regulatory gene whose product controls the levels of the three enzymes.
While it seems clear that fighting behavior is genetically determined, it is not at all obvious how this could be the result of a single major gene coding for a single protein. We must rule out that the observed fighting behavior is not determined by several genes whose interaction gives the appearance of monogenic inheritance. This might take the form of a subtle interaction between minor genes and a major gene which, perhaps Mice were reared in opposite environments and tested as described in text. Three Balb/cJ mice reared in the Balb/cN environment were significantly smaller than their littermates and were judged to be immature and were not tested.
because of artifacts in our analyzing system, is the only character expressed. Alternatively, the behavior could be the consequence of a number of genes that behave monogenically because of linkage on the same chromosome.
The unresolved issues, then, are the relationship between genetically determined differences in catecholamine biosynthetic enzyme activity on the one hand, and geneticallydetermined differences in attack behavior on the other. The presence or absence of multigenic determinants needs to be established by further analysis of F2, bidirectional backcross, and recombinant inbred lines. Furthermore, the role of litter and maternal effects, as well as the impact of environmental manipulations must be determined.
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